Hello and welcome to this Science/AAAS audio webinar. I'm Sean Sanders, editor for custom publishing at Science.
The discovery and characterization of green fluorescent protein was a groundbreaking moment in microscopy and biological imaging. Fusing a genetically-encoded fluorescent probe to an almostunlimited variety of proteins enabled scientists to investigate intracellular events in living cells with unprecedented detail. In today's webinar, we will investigate how fluorescent protein probes and chemical probes are currently being utilized for live cell imaging and where newly developed probes might take us in the future.
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It gives me great pleasure to introduce our speakers for this webinar. They are Dr. Alan Waggoner from Carnegie Mellon University in Pittsburgh, Pennsylvania; Dr. Marcel Bruchez also from Carnegie Mellon; and Dr. W.E. Moerner from Stanford University in California. It's a great pleasure to have you all on the line today.
Before we get started, I have some brief information that our audience might find helpful. Note that you can resize or hide any of the windows in your viewing console. The widgets at the bottom of the console control what you see. Click on these to see the speaker bios or additional information about technologies related to today's discussion or to download a PDF of the slides.
Each of our guests will give a short presentation followed by a Q&A session during which our guests will address questions submitted by our live online viewers. So if you're joining us live, start thinking about some questions now and submit them at any time by typing them into the box on the bottom left of the viewing console and clicking the submit button. If you can't see this box, just click the red Q&A widget at the bottom of the screen. Please remember to keep your questions short and concise, as this will give them the best chance of being put to our panel.
You can also log in to your Facebook, Twitter, or LinkedIn accounts through the console during the webinar to post updates or send tweets about the event, just click the relevant widgets at the bottom of the screen. For tweets, you can add the hash tag, #sciencewebinar.
Finally, thank you to Leica Microsystems for their sponsorship of today's webinar.
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Now I'd like to introduce our first speaker for this webinar, Dr. Alan Waggoner. Dr. Waggoner is professor of life sciences and director of the Molecular Biosensor and Imaging Center at Carnegie Mellon University. He and his team are creating a novel sensor unit technology for a broad class of biosensors, providing a tool for the detection of protein interactions on and inside living cells. His research group also creates fluorescence-based detection systems for biology and biotechnology and is developing new fluorescent reagents to monitor cellular electrical potential and ion fluxes to study the cardiac function of living mammalian hearts. A warm welcome and thanks for being with us, Dr. Waggoner.
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Dr. Alan Waggoner: Hello. This is Alan Waggoner at the Technology Center for Networks and Pathways at Carnegie Mellon University and I'd like to sort of give a brief history of what is now a multibillion-dollar industry fluorescence detection. When you think about it, the genome has been sequenced many times by fluorescence detection systems. Diagnostics are done, biofluorescence as primary assay technologies for drug discovery. There are many fluorescent labels. There are live cell indicators for ion concentrations, membrane potential, protein structure interaction, cell energetics, and so on.
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This was not always the case. Forty years ago, fluorescence was almost unheard of in biological studies. It was mainly the use of radioisotopes. In 1953, the first fluorescent antibodies were created by attaching a reactive fluorescent in the antibody, but since then it's moved on to physiological indicators. Voltage sensitive dyes came available in the early '70s as pH probes. The calcium indicators came along shortly thereafter. The phycoerythrin and APC labels became useful for multicolor flow cytometry. The cyanine dyes were some of the first multicolor labels for proteins and DNA. The Alexa dyes further improved and offered more colors then the fluorescent proteins came along, which had a huge impact. The quantum dots are very stable nanoparticles and then of course there are many live cell biosensors and I'm particularly going to talk about that today.
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There are genetically expressible proteins, probes, you know, a whole list of these here that I've got on the left-hand side, but of particular interest are the green fluorescent proteins, which can be used as labels to see the location of many cells, many proteins within cells. There are pH sensitive versions, there are switchable versions that can be turned on and off with light and they can be used to create biosensors within the cells. 
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The way we create these is by using a library developed by Dane Wittrup where there are roughly 10 9 types of antibody expressed at a level of 10 to 20,000 copies on yeast cells. We use a high-speed cell sorter to find the yeast cell that has the antibodies that will bind a dye that's nonfluorescent and make it fluorescent. We sort that cell that binds the dye and makes it fluorescent into a tube. We can clone it, grow it, get protein, get the DNA, create fusion proteins, and so on.
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These fluorescent proteins now, which are actually single chain antibodies have a heavy and a light chain or some combination of those and can be genetically attached to a protein. As you can see the nonfluorescent dye a couple of the structures are shown at the bottom, one is a thiazole orange derivative, the other is a malachite green derivative. They bind and create a fluorescent signal. The fluorescence is enhanced somewhere between a factor of 5000 and 20,000. So there's no fluorescent background from the cells unless the dye binds to the single chain antibody to create the fluorescent signal.
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Now if for example you expressed this protein so that it's on the cell's surface and you add membrane impermeant dye on the lefthand top figure you can see that you see signal only from the cell surface. Yet if you add a permeant dye that can diffuse to the inside of the cell, you see the single chain antibody that's still in the ER or the Golgi and some of it also that's been endocytosed. We can either look selectively at the surface with impermeant dyes or we can look at the inside with permeant dyes.
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There's some very interesting assays that can be done with this new biosensor technology. I'm going to talk about one part and then my college Marcel Bruchez will talk about some other applications. But for example let's consider membrane trafficking assays.
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Now, roughly 20% of the proteins in the cell are localized on the surface of the membrane, transporters, ion channels, cytokine binders with cell signaling molecules and we think that it's extremely important for the cells to regulate that cell surface density. In fact, if you look at the pathways for insertion of these proteins into the plasma membrane, they're highly regulated and also the pathways for retrieval of these proteins are highly regulated. In fact, there are a number of diseases that occur in those pathways for insertion or retrieval and those alter the cell surface density. It would be nice to have assays for quantifying very accurately and very quickly in a high throughput way the cell surface density. 
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So just for example, the beta adrenergic receptor involved in allergy can be labeled with a green fluorescent protein and in this slide, you can see that that label is going to be on the surface or it can be on the adrenergic receptor that's in the Golgi or has been endocytosed. But in our work, we've really focused on developing a noncovalent activation approach where a molecular recognition event between an expressed protein tag and a dye molecule specifically activates the fluorescence of a dye molecule upon binding. This is a targeting and activation approach, which makes it a little bit different from a number of the other approaches. As you'll see, both in my talk and in some of the things that I believe W.E. will talk about, the activation upon binding is a useful property in a variety of biological detection experiments.
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As Alan outlined, the noncovalent interaction between nonfluorescent dyes and non-fluorescent expressible protein modules can be basically synthetically combined to result in activated fluorescence. Using the right protein and the right dye, we can very specifically and selectively activate fluorescence up to 20,000-fold upon binding.
Well this gives us a very useful switch and that switch we realized a few years ago could be exploited very efficiently to activate other dyes, which are carried along as cargo by the fluorogenic dye itself.
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So we've been exploring ways to use intramolecular Forster resonant energy transfer where we have a fluorogen as either the donor or the acceptor. One of the first ways that we realized we could use this was to use the fluorogen as an acceptor or I'm sorry as a donor and a physiological indicator as an acceptor. So what you can see on this slide is the spectral overlap properties between T01, the green hashed curve is the T01 fluorescence emission and the Cypher5, a pH dependent Cy5 molecule, the excitation of Cypher5.
What you can see is that at low pH, there's higher spectral overlap than there is at high pH and that results in a ratiometric probe as you can see in the bottom left panel where a single excitation produces two easily distinguishable wavelengths of emitted light in a pattern that depends sensitively on the pH of the environment. This relies on modulation in the spectral overlap between the donor and the acceptor as a function of pH.
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We got very nice titration of the dye protein complex as a function of pH and one of the things that we realized is that, you know, not surprisingly, you can tune the efficiency of the energy transfer and hence the overall response ratio by changing the distance between the dyes. This, you know, is a definitely a stronger dependence than one might expect strictly on the Forster radius considerations. So it appears that there's some conformational issue associated with this as well.
But the dyes that we've made have --as you can see the green moieties are the T01 moieties and the red moieties here are the Cypher5, the pH dependent moiety. So we got a nice ratiometric curve as a function of single excitation that depends on the pH, which allows us to then measure the properties of endosomes and endolysosomal trafficking in living cells.
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As Alan showed, the nice property of the fluorogen activating protein tagging strategy is that we can make cell excluded dyes that selectively label at the cell surface and so we're not labeling resident pools or biosynthetic pools when we use cell excluded dyes. We're really only labeling the pool that starts at the cell surface. So on the preagonist side here, you see the dye binds and upon binding, the green T01 moiety is activated but the Cypher5 moiety is the black dot here and that's basically still dark. So that gives us very strong emission from the T01 but no red emission in this case. As they internalize depending on the pH of the internalized compartment, you can see that as they go through the endolysosomal process or head towards recycling and back up to the cell surface, there are significant changes in the pH and those can be reported out in emission ratio at a single vesicle level.
[0:20:01] Slide 27 So this is an example of what happens when you take that beta2 adrenergic receptor construct that Alan showed earlier. But now instead of just adding the cell excluded dye to it, we add the cell excluded pH sensor dye. Now upon excitation when we do twochannel detection prior to addition of agonist, isoproterenol on this case on the left, you see just cell surface labeling in green and subsequent to the addition of the agonist, in this case isoproterenol, you see red vesicles on the inside of the cell and cell surface signal, which is still green. So this is one of the advantages that we like of this approach is that we can vary the dye depending on the question that we're interested in asking.
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So you can then take the data and collect single vesicle ratio analysis and so you can do the traditional trick of taking two-channel images, converting them to a ratiometric image measuring the ratios at a single vesicle level and ask what's the pH. As you can see in these panels where we treat with isoproterenol in the presence of different drugs, for example bafilomycin and chloroquine block endosome acidification, whereas latrunculin prevents recycling of the adrenergic receptor. You can see that these results in substantial measurable pH changes relative to treatment with isoproterenol alone. So this gives us the ability to measure some internal dynamics as proteins from the surface move through the recycling pathway.
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Another area that's cancer related that we thought to look into was an area called dendritic cell priming and antigen transfer in dendritic cells. So one of the interesting processes that goes on in dendritic cells is that a dendritic cell, which is naïve can display antigen that's been taken up by a completely different dendritic cell. This is sometimes called antigen cross-dressing in dendritic cells. We realized that we could actually use in collaboration with Simon Watkins and Russ Salter at University of Pittsburg, we could actually use our fluorogen activating proteins on the surface of dendritic cells as a surrogate antigen. The idea here is that you have one FAP expressing dendritic cell and so on the surface of that cell you have green signal indicating that fluorogen activating protein has bound to the pH sensitive dye but it hasn't been internalized.
If you add to those cells in culture, naïve dendritic cells that are not transfected with the fluorogen activating protein then you can follow the transfer of antigen from one dendritic cell to a naïve dendritic cell and ask does it transfer surface to surface, does it transfer surface to endosome. This starts to get to some of the mechanistic questions that people are interested in in terms of how you move and cross present in dendritic cells.
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So one of the things that we did with this assay we found that when we add the naïve dendritic cells, we get very specific endosomal activation. So the naïve dendritic cells come down and they interact with the expressing dendritic cells but the transfer is exclusively through acidic compartments. This was a little bit surprising to us but this sort of shows the kinds of assays that we can set up with this approach.
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Now that's using the fluorogen as a donor. Another thing that we realized early on and that we thought was significant was that if you use the fluorogen as an acceptor then you have a very powerful property because the acceptor quantum yield doesn't really enter into the equations for energy transfer or the Forster radius. So really, it's a way of activating a two-channel sensor.
So if you think about this a the left top here, you see the spectrum of Cy3 and malachite green and in the blue squiggle you can see the spectral overlap here. Now the advantage of having fluorogen, as an acceptor is that the quantum yield of the free fluorogen is very low when it's not bound to its protein, which means that the free fluorogen is basically a quencher. So the free dye is quenched both under excitation at the donor channel and at the excitation of the emitter channel or at the acceptor channel.
Upon binding, you now get a two-channel probe where the ratio depends on the ratio of the excitation at the donor versus the direct excitation of the fluorogen FAP complex. This is a way of turning potentially ratiometric turning intensity based indicators into ratiometric indicators.
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Our first forays into this, we realized we could substantially enhance the brightness of a fluorescent tag using a concept that we borrowed from photosynthesis and light harvesting material science, which is basically using multiple donors and a single acceptor dye which is our fluorogen. So when we take multiple donors, in this case you see in panel C here four Cy3 donors linked to a single malachite green dye upon -we were able to synthesize a series of these dyes with discrete numbers of donors, 1, 2, 4 and 6 respectively. Then when we bind those to the fluorogen activating protein, we find that the relatively excitation between the direct malachite green fluorogen excitation and the donor sensitized channel, you see the peaks increasing green, red and blue here as we increase the number of Cy3 donors. Now the emission here is measured at the fluorogen channel. So this is a single channel emission dual excitation probe and what we've done is we've basically increased the extinction coefficient, enhanced the brightness of the fluorogen activating protein dye complex.
We can use this then in flow cytometry to substantially increase the sensitivity of an assay. So what you can see in the red curves at the right are the malachite green based signal detection or labeling antigens on the surface of yeast cells. Then as we increase the number of Cy3 donors, the blue curves show an increase in peak separation between the unlabeled population where the dotted line goes through and the labeled populations, which are pushing up towards saturation in the tetra Cy3, malachite green complex.
So this multi-chromophore structure we've called dyedrons are a practical way to increase the sensitivity of some of these assays by just using a different dye bound to the same fluorogen activating protein.
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So I hope I've given you a sense of how we can extend some of these genetically encoded tools particularly for dye molecules using targeted activation. I've shown you an example of using fluorogen as a donor in a FRET pair where we can get ratiometric emission probes using the fluorogen as an acceptor where we got ratiometric probes as a function of excitation. These activate upon binding and we can use that to enhance the brightness and sensitivity.
One of the critical properties of these are that the compatibility with cells arises from the fact that these are highly fluorogenic so we don't really have to wash and that raises some interesting possibilities of using these in more complex tissue systems where you really don't have to wash unbound dye away. You can just look for selective activation of the dye upon binding to your target.
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So thank you very much for your time and it's a pleasure to acknowledge my very talented co-workers that have contributed to this. Amel Grover worked on the pH sensitive dye and Brigitte Schmidt is a very talented chemist who's been responsible for the synthesis of the pH sensitive dyes and the dyedrons. Chris SzentGyorgyi is a molecular biologist in our lab who has isolated the fluorogen activating proteins and has been instrumental in characterizing a number of these. Obviously, it's important to acknowledge the funding sources, the National Institutes of Health that's been very generous in driving these programs forward. So thank you very much for your time and I'll yield the floor to W.E. There already are available some very high resolution methods for imaging, x-ray, NMR, electron microscopy and so forth but these methods are difficult to use in live cell imaging.
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On the other hand, farfield optical microscopy essentially based on fluorescence these days is noninvasive relatively and you can specifically label biomolecules of interest as you've heard earlier today.
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Those are the big advantages but one of the potential disadvantages is that because you're using visible light, the wavelength of the light let's say 500 nanometers, produces a limit on what resolution you can achieve. You can only extract details down to the optical diffraction limit of about 200 nanometers or 250 nanometers in the visible. So that's the reason you haven't been able to do very high resolution microscopy up until fairly recently.
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So the method I'm going to talk about is what we call superresolution microscopy, which goes beyond that optical diffraction limit down to the hundred nanometer, ten nanometer range and even beyond if more photons are available and for cellular imaging.
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So to explain this in a slightly different way, here's a bacterial cell that is quite small. It's only a couple of microns long and 500 nanometers across and inside it fluorescent proteins have been fused to a specific protein and you'd like to know the structure of that specific protein that's been labeled by this fusion. So you might think that all you have to do to see the structure is just to buy the most expensive microscope as you can.
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So here's that most expensive microscope and unfortunately however you see that those individual labeled proteins inside the cells are overlapping and there's a very blurry image.
Slide 46
So this is coming from this diffraction limit that I was talking about. Even though the emitters themselves are small in the order of a few nanometers like the fluorescent protein.
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In fact, the image of that near point source appears to be 200 or so nanometers in width in the sample plane due to this Abbe diffraction limit that was mentioned by Abbe in the 1800s. It's the wavelength divided by twice the numerical aperture of the microscope, which is about one. That's where we get to a 200 nanometer number. So because single small fluorophores look big like this, they overlap and that's why use the blurry image. The method I'm going to describe allows you to go from this image you see on the left to this image, which is the increased resolution available by using single molecules to do super-resolution.
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So how does this whole idea work? How do we surpass this limit and of course it's a fundamental law from physics that you have to have diffraction. So you can't change the law but what you can do is circumvent it in a clever way. The answer, the way to do that is to image single molecules and then add two key ideas. So you have to first be able to image single and then add two ideas that I'm going to describe. I just want to mention briefly that there are other approaches, which are not covered here that I don't see depicted for you just yet but there it is. Stimulated emission depletion microscopy and structured illumination microscopy that also can go beyond the diffraction limit but they don't require single molecules and so I'm not going to describe them today.
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So back to the single molecule method. The first idea to add to a single molecule imaging, by the way remember that single molecules have been imaged for decades now starting way back at the beginning of the observation of single molecules images were recorded. So the first idea you want to add to just being able to image a single molecule is super localization.
So here's a way to think about it. Here's a cinder cone inside a crater lake, a picture that I took which I love. The bar is 120x10 So here's an example of an image of single molecule, which are large. As I said, they appear to be 200 nanometers or so, 250 nanometers in width due to diffraction. But since they're separated, I can take a look at each one of them one by one and notice there's pixilation here from the camera. I want to spread the image of the single molecule out over multiple pixels. That's a key requirement because that means that you sample the shape of the single molecule slot. Once you have that information about the shape then you can fit it with a fitting function let's say a Gaussian function or others and that fitting function has the parameter, the width, which is the diffraction limit. But it also has another parameter the center position and it's the center position that we can learn to much better precision than the width of the entire spot. 
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But what about when you have an extended structure that you label and I want to look at this structure? Well that brings us to key idea number 2, which I'm going to call active control of the emitter concentration and sequential imaging. Suppose this is the structure of interest on the left and you've decorated it with your labels, your fluorescent labels, and now you try to image that. But if all of the labels are on all at the same time, then these so-called point spread functions or the images of single molecules overlap and you don't see the underlying structure of high resolution.
So the key idea here is just don't have all of them on at the same time. Actively control the concentration that are allowed to emit by a variety of several methods for example photoactivation. Suppose you turn on the fluorophore, they're normally dark but then you turn them on with another light beam and you turn on only a few. like to use this sort of mechanism independent term for this whole idea, single molecule active control microscopy or so-called SMACM. But the key point here is active control. You as an experimenter have to make some change to the system so that you control how many are emitting at any given time. Of course there'll still be stochasticity but you can control this by a variety of methods.
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In fact I have here an example of some of the different mechanisms that can give rise to this control of the fluorescent label. Photo activation is one that I mentioned. Photo switching so there is different fluorophores that turn on and off, the Cy3-Cy5-thiol for example. You can blink by looking at having systems that go into redox dark states or produce radical anions. These energy levels over here on the right sort of show you the key ideas. We want to create this emissive dye in the center and collect photons form it but if there are certain probabilities of going into dark states, if you control the fraction that are in dark states by chemical additives or by the intensity of the pumping light, you can make the concentration be low at any given time.
Binding-induced turn-on is another method and I'll describe this thing called PAINT in a moment. You've heard about aptamer binding from the earlier talk. You can use an enzyme to chemically generate the fluorophore and so forth. So this is a wonderful aspect of what's going on these days that different methods can be used to turn on the fluorescence.
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Now let's talk about a specific example from the fluorescent protein literature and rewind back to 1997. These are experiments in my lab, the first images of fluorescent proteins EYFP in the upper right and we found something amazing with this yellow fluorescent protein that while pumping it with 48 nanometers and looking at the emission from this yellow fluorescent protein, we saw that the molecules blink. That is they turn on and off and go into dark states but then come back from dark states normally.
[0:40:00] In addition Rob Dickson at this time doing this work in my lab also saw that there was photoinduced recovery. Once you irradiate for a long time and it seems to photo bleach, a little bit of blue light at 4 or 5 nanometers will turn the fluorophores back on and this can be done not just in a sample but also in live cells as shown in the lower right. So that EYFP itself even this relatively old and forgotten fluorescent protein has built into it blinking and photo control. In fact, let me show you this blinking process directly because I'm sure that a lot of people may not have known that these fluorescent proteins will blink like this in a single molecule level.
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So this movie that's playing now is EYFP fused to the HU nucleoid binding protein in Caulobactre crescentus cells in collaboration with Lucy Shapiro. You see the white light image of the bacterial cells on the left and on the right, you see the fluorescence image of the same field. This is the beautiful blinking of EYFP that occurs inside these cells when you set the conditions correctly that is with sufficient reading intensity. All of those bright dots you're seeing are single fluorophores that are within those bacteria that you see on the left.
So in each image of this movie, you find the positions and then write down those positions and then you can produce an image of what's present inside the cell.
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Here are three examples for three different structures in Caulobactre crescentus. These are the diffraction-limited images where you don't see the details for three different target proteins, MreB, ParA, and HU.
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But when you use the blinking of the YPF or the photo control of the YFP, you can go from these images to these images, which have resolution down to about 40 nanometers. For a helical structure on the left a long linear sort of fiber like structure in the middle and the HU protein on the right is a nucleoid binding protein so it's showing information about the distribution of the DNA inside these bacterial cells.
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Now just to make sure you don't think that all of this only occurs for bacterial cells, I'll give you a eukaryotic cell example and switch to a different method of active control the so called PAINT, Points Accumulation for Imaging in Nanoscale Topography, an idea that came from Robin Hochstrasser back in 2006. But the specific case I'm going to talk about is a fluorescent ligand with the laboratory of Justine Dubois at Stanford who's a synthetic chemist who can make this toxin, saxitoxin. He can not only make this the toxin but he can make it fluorescently label. Now this toxin comes normally from paralytic shellfish but when you can synthetically create a fluorescent version then you can use it in the following scheme.
So how does this PAINT idea work on cells? There is a cell that's live. It's a PC12 cell growing in solution and the saxitoxin-Cy5 molecules are diffusing around outside the cell. But since they bind to voltage gated sodium channels, each time they bind then there is a bright flash of fluorescence because the molecule now localizes and gives you all its photons in one place instead of diffusing all over the place as they might be in solution and not be visible. So it's these turn-ons at the binding to voltage gating sodium channels that I'm going to use for the movie in the next slide.
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This is now a demonstration of what you can observe in a neuritic extension from a PC12 cell that is living of course and what we're showing is from all these dots that you see in the movie are the location of the voltage gated sodium channel averaged over a 500-millisecond time window. You can see here that there are lots of localization and many, many in fact changes in the structure. Even though these methods are not infinitely fast, you can still see the dynamics that represents these neuritic growth and extensions that come outside of the cell as time goes on.
So that's an example of what can be done with PAINT and what can be done with molecules that bind to the surface but you can also use these active control scans for super resolution imaging of structures inside the cell even with fluorescent proteins inside the cell.
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So now, I want to end up with a little bit of talking about some of the other cool things that can be done in the super-resolution arena these days. What about three-dimensional imaging or the third dimension? How do you extend these two-dimensional images I've been showing to three dimension? I'm going to describe how we do this with something called the double helix point spread function. But there are a variety of other approaches that other groups are pursuing. But in collaboration with Raphael Piestum at the University of Colorado, we modified the conventional microscope to produce a special response called the double helix response.
The right side of this figure is a conventional inverted microscope. There's just an objective and then a tube lens and then a standard PSF image, which has two molecules in that image right now. So you see them as two small spots but with a little bit of optical processing that is some Fourier transform optics, just two more lenses and they phase plate, it modifies the phase of the light at the Fourier plane.
[0:45:19]
This top image in the center is the result of going back to real space and what has happened is that the images of the single molecule has now become double, that is two spots each. The important thing is that there is an angle between these two spots which reports on the Z position of the fluorophore. So to get this straight here, in this upper image you fit two Gaussians to those two lobes and then find a midpoint between those two Gaussians to get X and Y but then from a calibration curve, you look at the angle of rotation of those two lobes and that will tell you Z. So you get X, Y, and Z with a standard two-dimensional camera.
The pattern in the upper left is the pattern that has to be used to create this double helix response. So this scheme is a way that you can add to PALM and STORM and the methods that are used for super-resolution imaging at two dimensions. You just do it with this slight addition to the microscope to get three dimension.
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So to illustrate that in the living bacterial cell, what I'm going to show you is some sequential imaging, a couple of different fluorophores. The first will be fluorescent proteins inside fused to a protein of interest in the cell and these are going to be the so called crescentin proteins. So CreS-EYFP fusions are inside the cell and those are imaged by this method that we're terming super-resolution by power dependent active intermittency or blinking. That just means that we use the EYFP fusions and blinking to get positions inside the cell then we in a second step add a PAINT dye, Nile red, to the outside of the solution, which then binds to the surface and provides information about the localizations on the surface. That would be the so-called SPRAI-PAINT method if you like that will give you threedimensional imaging of both the interior and the structures that are inside the cell.
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Here is the result. This is the full three-dimensional image recorded from blinking of EYFP and turn-ons of molecules binding to the surface from the PAINT method. The CreS protein in the cell interior is shown in orange, yellow and orange, and the surface of the cell the PAINT data is shown in gray and white and these are reconstructions that are produced from single molecule localizations that have 20-nanometer localization precision in X and Y and 34-nanometers in deep.
So that just shows you that with new ways to control the emission of single molecules combined with all of these schemes that allow you to get super-resolution imaging, you can explore this really exciting new arena of microscopy that's all beyond the optical diffraction limit.
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I described how this works but by telling you in a very general way that the key idea depends upon actively controlling single molecule emitters that you can image and I showed you how you can extract three-dimensional information.
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So to wind up, I just want to acknowledge my team of people here at Stanford, the current Guacamole team where Guacamole is one over avocadoes number of moles and the collaborators that we are very, very happy to work with both at Stanford and elsewhere and the support from this work from the NIH and DOE. Thank you.
Sean Sanders: Great. Thank you so much, Dr. Moerner, and many thanks to all of our speakers for the excellent presentations. We're going to move quickly on to the questions submitted by our online viewers.
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Just a reminder to those watching us live that you can still submit questions by typing them into the text box and clicking the submit button. If you don't see the box on the screen, just click the red Q&A icon and it should appear.
So the first question I'm going to put to the entire panel and maybe we'll start with Dr. Waggoner is what overall advice can you provide to help achieve optimal sensitivity and selectivity without damaging your sample when doing fluorescent imaging?
Dr. Alan Waggoner: Well I think there's a number of factors that are important and I'm going to let my colleagues weigh in on this right away. But I like photo stability. It is an important factor because very often you're shining intense light on the sample. The dyes are being excited, tens of thousands, hundreds of thousands of times per second so that you can collect the photons. But you need to collect as many photons as possible, which means these dyes have got to not photo bleach and that's an area where we can still do better but there are a lot of good values out there for this now.
[0:50:03] Sean Sanders: Right. Dr. Bruchez?
Dr. Marcel Bruchez: I guess I would say there are two key things that I would look at. One is you always want to minimize your excitation power and so that involves picking the brightest probe that you can and making sure that you have optical filters, which are exactly right for the probe that you've got. You know, we often start with a set of filters that's okay for ours because that's what we had on the microscope but we find that you can often squeeze two to three times as much light out of your probes by just getting the right filter. So shout-out here to the filter companies who make custom filters, you know, if you have probes, make sure that you have the optimal filters for those probes and that can make a really huge difference.
Coupled with that is, you know, making sure that you're using the brightest probe that you can and what that gives you is the ability to turn the laser power down to get the same signal to noise or potentially even better signal to noise for the probes. I think this is critical at ensemble imaging as well as at a single molecule level. photons are an average number you can get from most fluorescent dyes whereas you can typically get 10 6 photons from small organic molecules.
As I said in my discussion in my presentation, the precision with which you can localize the single molecule depends upon 1 over the square root of the number of photons that you detect. The more photons detected, the better you can do and the better you can use those photons in fact in many ways, different ways. So there's a great need for improved labeling schemes and this business of validating whether there's perturbations or not is also an important in super-resolution regime. As you look more closely before the diffraction limit and really want to see precise details of the structure, you have to worry a little bit more about the possibility of perturbation.
But I'm excited that because this is becoming to be realized, people who create fluorescent protein fusion need to simply vary their linker links to actually change some of the ways in which that dye is attached, which really aren't normally varied because it's essentially presumed that there's almost no perturbation. By varying those links, you can change the degree of perturbation as well. It's something that needs to be considered. Well one of the interesting things about some of the fluorescent labels using the FAP is that they can have very long-term stability. For example in tissue engineering, very often one will be interested in being able to follow some labeled protein for several days in an experiment. One of the interesting things that we've seen with these fluorogen activating proteins is that when the protein signal gets photo bleached, the dye seems to fall out of the active site and a new dye which was previously nonfluorescent in solution rebinds to the protein. So the overall fluorescence keeps being replenished for days it appears in the experiments we've done. So this is not always the case for our studies but it seems to be quite a useful property.
Dr. Marcel Bruchez: And I would add to that the length of time something can be imaged depends a lot on the imaging frequency and the imaging method. So if you're doing multiplane confocal imaging at sort of maximum time frequency so you're basically measuring every second, 60 section Zstack, you know, your photo stability, your length of time is going to be obviously very different.
What we found is that with the malachite green derived fluorogen activating proteins, the photo stability is significantly better than Cy5 and comparable to or even better than a lot of the available fluorescent proteins. So it's actually fairly photo stable even in the absence of this exchange process that Alan is referring to.
[1:00:08] Sean Sanders: Fantastic. So we are at the end of our hour so I'm just going to give one more question to all of you and that's just to ask looking forward into the future, where do you see this area of fluorescent probes moving? Also a second part to that is how do you see this being applied both in the research field and the clinic? Dr. Waggoner, maybe we'll start with you.
Dr. Alan Waggoner: Well I could take up all the time with that frankly but you know, the chromophores, the fluorophores themselves can still be made more photo stable. There perhaps are ways to enhance the signal size as Marcel was doing forming these dyedrons with many chromophores that act as antennas. Again, I don't want to harp on it but there's so many more biosensors that need to be --develop different types of biosensors because there are differences in the ways these pathways are regulated and the different activities there. So there's so much more to be done to be able to look at the hundreds of different types of proteins within the cell and how they are regulated. So I think that's a great opportunity. Moving out into the infrared to lower the signals and to open up the opportunities for in vivo animal imaging is also an interesting new opportunity that could be exploited. Their sizes are tens of nanometers to maybe a hundred nanometers down to a few nanometers and the ability to have some microscopic imaging methods to look on that scale and see how it actually works is incredible for the future. It's only going to continue to improve if there is continued work in fluorophore development, fluorophore turn-on methods and schemes like that, fluorophore targeting scheme as well as advanced methods development in extracting more and more information from optical imaging and maintaining not only precise imaging but also accurate imaging down to the few nanometers level. So there is challenges in all these areas but I'm expecting there will continue to be really exciting progress.
Sean Sanders: Well that's fantastic and thank you so much for all the comments and many thanks to all of you for the excellent presentations. So unfortunately, we are out of time for this webinar so I wanted to thank our speakers for today, Dr. Alan Waggoner from Carnegie Mellon University, Dr. Marcel Bruchez also from Carnegie Mellon, and Dr. W.E. Moerner from Stanford University.
Many thanks to our online audience for the questions you submitted to the panel. We did get a lot of questions today so I'm sorry that we didn't manage to get through all of them.
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Please go to the URL now at the bottom of your slide viewer to learn more about resources related to today's discussion and do look out for more webinars from Science available at webinar.sciencemag.org. This particular webinar will be made available to view again as an on-demand presentation within about 48 hours from now.
We'd love to hear what you thought of the webinar. Please do send us an email at the address now up in your slide viewer, webinar@aaas.org.
Again, thank you our panel and to Leica Microsystems for their kind sponsorship of today's educational seminar. Goodbye.
[1:04:40]
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